Isovaleric acidemia (IVA) is an autosomal recessive inborn error of leucine metabolism caused by a deficiency of the mitochondrial enzyme isovaleryl-CoA dehydrogenase (IVD) resulting in the accumulation of derivatives of isovaleryl-CoA. It was the first organic acidemia recognized in humans and can cause significant morbidity and mortality. Early diagnosis and treatment with a protein restricted diet and supplementation with carnitine and glycine are effective in promoting normal development in severely affected individuals. Both intra-and interfamilial variability have been recognized. Initially, two phenotypes with either an acute neonatal or a chronic intermittent presentation were described. More recently, a third group of individuals with mild biochemical abnormalities who can be asymptomatic have been identified through newborn screening of blood spots by tandem mass spectrometry. IVD is a flavoenzyme that catalyzes the conversion of isovaleryl-CoA to 3-methylcrotonyl-CoA and transfers electrons to the electron transfer flavoprotein. Human IVD has been purified from tissue and recombinant sources and its biochemical and physical properties have been extensively studied. Molecular analysis of the IVD gene from patients with IVA has allowed characterization of different types of mutations in this gene. One missense mutation, 932C>T (A282V), is particularly common in patients identified through newborn screening with mild metabolite elevations and who have remained asymptomatic to date. This mutation leads to a partially active enzyme with altered catalytic properties; however, its effects on clinical outcome and the necessity of therapy are still unknown. A better understanding of the heterogeneity of this disease and the relevance of genotype/phenotype correlations to clinical management of patients are among the challenges remaining in the study of this disorder in the coming years. ß
INTRODUCTION
Isovaleric acidemia (IVA) was the first of the organic acidemias to be described and its nature was elucidated due to a combination of astute clinical acumen and new technology. The two original patients were 4 and 2½ years old, respectively, and had similar histories of recurrent episodes of vomiting and lethargy that resolved with supportive therapy including glucose infusions [Tanaka et al., 1966; Budd et al., 1967; Efron, 1967] . A ''smell specialist'' suggested that the unusual odor associated with their acute episodes was likely a short chain fatty acid, and isovaleric acid was identified in patient plasma through the then novel approach of gas chromatography followed by mass spectrometry [Tanaka, 1990] . Urine was subsequently shown to contain isovalerylglycine and 3-hydroxyisovaleric acid as well as other metabolites Tanaka et al., 1968] . Oxidation of labeled isovaleric acid by patient white blood cells was reduced compared to control cells, and a defect of leucine metabolism was postulated [Shih et al., 1973; Rhead and Tanaka, 1980; Yoshida et al., 1985; Hyman and Tanaka, 1986] . It must be remembered that until the characterization of these patients, the oxidation of isovaleryl-CoA was assumed to be catalyzed by the newly identified short chain acyl-CoA dehydrogenase [Crane et al., 1956; Engel and Massey, 1971; McKean et al., 1979; Frerman et al., 1980] . Over the next 20 years IVD was separated from the other acyl-CoA dehydrogenases, purified, cloned, and the molecular nature of the defects responsible for loss of IVD activity elucidated. The use of gas chromatography/mass spectrometry (GC-MS) ultimately became the mainstay of the identification and routine clinical diagnosis of a new class of inborn errors of metabolism resulting in the abnormal accumulation of organic acids in urine, and it remains a valuable tool for biochemical geneticists today Burke et al., 1983] . The A more recent application of tandem mass spectrometry (MS/MS) for analysis of the acylcarnitine profile of blood spots from newborn screening filter paper cards has allowed a significant expansion of the recognition of mildly affected and potentially asymptomatic individuals with IVD deficiency through newborn screening [Ensenauer et al., 2004] .
DISEASE SPECTRUM
Early literature on IVA, an autosomal recessive disorder, emphasized two apparent phenotypes [Tanaka, 1990] . The first was an acute, neonatal presentation with patients becoming symptomatic within the first 2 weeks of life [Tanaka et al., 1966; Budd et al., 1967; Efron, 1967; Lott et al., 1972;  Early literature on IVA, an autosomal recessive disorder, emphasized two apparent phenotypes. The first was an acute, neonatal presentation with patients becoming symptomatic within the first 2 weeks of life. Levy et al., 1973; Elsas and Naglak, 1988] . Patients appeared initially well, then developed vomiting and lethargy, progressing to coma. The second group presented with relatively non-specific failure to thrive and/or developmental delay (chronic intermittent presentation) [Levy et al., 1973; Shih et al., 1984; Berry et al., 1988; Elsas and The second group presented with relatively non-specific failure to thrive and/or developmental delay. Naglak, 1988; Mehta et al., 1996] . Patients who survived an early acute presentation subsequently were indistinguishable from those with the chronic phenotype, and both groups of patients were prone to intermittent acute episodes of decompensation with minor illnesses [Tanaka, 1990] . In reality it is now apparent that patients can fall anywhere on the spectrum of acute to chronic presentation and that there is probably little predictive value to the initial presentation. Moreover, with the application of MS/MS in newborn screening, potentially asymptomatic patients with one recurring IVD gene mutation and a mild biochemical phenotype are being identified in increasing numbers, representing an additional phenotype of IVA [Ensenauer et al., 2004] 
CLINICAL PRESENTATION
Nearly all published clinical information on patients with IVA is retrospective [Sweetman and Williams, 2001] , and thus the following discussion of clinical symptoms is limited to the classic presentations of IVA prior to newborn screening, that is, manifestation in the neonatal period versus later in childhood. In one summary of 37 patients compiled from different publications, 28 presented in the first 2 weeks of life, 7 between 2 weeks and 1 year of age, and the remaining 2 after 1 year of age [Tanaka, 1990] . Sixteen of the patients were deceased, and of those still alive, seven were reported to have mild to moderate mental retardation. Neonatal symptoms are non-specific and include poor feeding, vomiting, decreased level of consciousness, and seizures [Tanaka et al., 1966; Budd et al., 1967; Efron, 1967; Lott et al., 1972; Levy et al., 1973; Spirer et al., 1975; Elsas and Naglak, 1988] . Infants may develop hypothermia and appear to be dehydrated. A characteristic smell of ''dirty socks'' may be present when the patient is acutely sick though, unlike other organic acidemias, the urine has no odor since the unconjugated isovaleric acid responsible for the odor is not excreted in urine in appreciable quantity [Tanaka et al., 1966; Tanaka, 1990] . The odor A characteristic smell of ''dirty socks'' may be present when the patient is acutely sick though, unlike other organic acidemias, the urine has no odor since the unconjugated isovaleric acid responsible for the odor is not excreted in urine in appreciable quantity. The odor may be best appreciated in body sweat or cerumen from the ear.
may be best appreciated in body sweat or cerumen from the ear. Acidosis with an unexplained anion gap is characteristic, and hyperammonemia, hyper-or hypoglycemia and hypocalcemia may be present [Tanaka et al., 1966; Budd et al., 1967; Lott et al., 1972; Levy et al., 1973; Yoshino et al., 1982; Mendiola et al., 1984; Tanaka, 1990; Worthen et al., 1994] . Secondary hyperammonemia is presumed to be due to inhibition of N-acetylglutamate synthetase by isovaleryl-CoA and/or intracellular depletion of acetyl-CoA leading to reduced N-acetylglutamate synthesis and impairment of the urea cycle [Coude et al., 1979; Stewart and Walser, 1980] . Pancytopenia as well as isolated neutropenia and thrombocytopenia can occur due to bone marrow suppression [Kelleher et al., 1980] . Left untreated, patients may progress to coma and death often due to cerebral edema or hemorrhage [Fischer et al., 1981] . Overall, the clinical picture overlaps other organic acidemias including the b-oxidation defects as well as the urea cycle disorders and other primary causes of hyperammonemia, all of which A must, therefore, be considered in the differential diagnosis. Patients who survive a neonatal crisis may be clinically indistinguishable from children diagnosed later in life [Tanaka, 1990] . Children diagnosed outside the newborn period may present with more chronic, relatively non-specific findings of failure to thrive and/or developmental delay or mental retardation [Tanaka, 1990] . Minus the ''sweaty feet odor'' of isovaleric acid, which is not present when a patient is otherwise well, there is little to suggest a specific diagnosis in these children and thus, it must be considered in all patients with this clinical picture. They also are at risk of episodes of acute acidosis and metabolic decompensation, usually due to intercurrent illnesses or other physiologic stress including fasting [Berry et al., 1988; Tanaka, 1990] . Acute episodes may be misdiagnosed as diabetic ketoacidosis due to hyperglycemia, acidosis and the apparent presence of blood and urinary ketones [Attia et al., 1996] . Acute pancreatitis, myeloproliferative syndrome, Fanconi syndrome, and cardiac arrhythmias have been reported [Arnold et al., 1986; Kahler et al., 1994; Weinberg et al., 1997; Gilbert-Barness and Barness, 1999] ; abnormalities of the globus pallidus can be seen [Sogut et al., 2004] . The variability of this disorder is highlighted by the diagnosis of IVA in a previously well 18-year-old man who developed acute nausea, vomiting, and mental status changes during basic training camp for the United States Air Force [Feinstein and O'Brien, 2003] .
There have been reports of successful pregnancies in women with IVA resulting in apparently well infants [Shih et al., 1984; Spinty et al., 2002] .
BIOCHEMICAL DIAGONOSIS AND FOLLOW-UP
The majority of patients with IVA today are diagnosed pre-symptomatically through newborn screening by use of MS/MS which reveals elevations of the marker metabolite C5 acylcarnitine in dried blood spots. Because C5 acylcarnitine represents a mixture of isomers (isovalerylcarnitine, 2-methylbutyrylcarnitine, and pivaloylcarnitine), further diagnostic evaluation is required (Table I) . Elevations of 2-methylbutyrylcarnitine are seen in patients with 2-methylbutyrylglycinuria caused by a deficiency of short/ branched-chain acyl-CoA dehydrogenase (SBCAD), an inborn error of isoleucine catabolism [Andresen et al., 2000; Gibson et al., 2000] , whereas pivaloylcarnitine is derived from pivalic acid, a component of several antibiotics [Abdenur et al., 1998 ]. Isovaleryl-CoA intermediates can also be seen in deficiencies of the electron transfer flavoprotein (ETF) and its dehydrogenase (glutaric aciduria type 2).
A long list of other isovaleryl-CoA derived metabolites has been reported in blood and urine from patients with IVA and can assist in confirmation of the disorder [Lehnert, 1981a [Lehnert, ,b, 1983 Lehnert and Niederhoff, 1981; Burke et al., 1983; Dorland et al., 1983; Hine and Tanaka, 1984; Poorthuis et al., 1993; Loots et al., 2005] . Isovaleryl conjugates of multiple amino acids have also been detected in urine, as have free 3-and 4-hydroxyisovaleric acids [Tanaka et al., 1968; Lehnert and Niederhoff, 1981; Loots et al., 2005] . Free isovaleric acid in blood during episodes of acute metabolic decompensation can reach several hundred times normal values but is not readily seen in blood and urine due to its rapid conjugation to other compounds. Thus, isovalerylcarnitine and isovalerylglycine are the hallmarks of this disorder in plasma and urine, respectively, and are elevated regardless of a patient's metabolic condition. Quantification of both conjugates has suggested Free isovaleric acid in blood during episodes of acute metabolic decompensation can reach several hundred times normal values but is not readily seen in blood and urine due to its rapid conjugation to other compounds. Thus, isovalerylcarnitine and isovalerylglycine are the hallmarks of this disorder in plasma and urine, respectively, and are elevated regardless of a patient's metabolic condition.
a correlation of the metabolite concentrations with genotype, differentiating between groups of patients with a metabolically severe phenotype associated with heterogeneous IVD gene mutations and patients with a metabolically mild or intermediate phenotype associated with one recurring mutation [Ensenauer et al., 2004] . Disease-specific [Jakobs et al., 1984; Hine et al., 1986; Shigematsu et al., 1991] . Several direct and indirect methods to assay IVD activity have been published and, in addition to molecular genetic analysis, can be used to confirm a diagnosis of IVA [Shih et al., 1973; Rhead and Tanaka, 1980; Yoshida et al., 1985; Hyman and Tanaka, 1986; Vockley et al., 1991; Mohsen et al., 1998; Tajima et al., 2005] . Fibroblasts, lymphocytes, and amniocytes all have measurable amounts of IVD activity and serve as ready sources of tissue for this purpose [Vockley et al., 1991; Kleij et al., 1995; Mohsen et al., 1998; Ensenauer et al., 2004] . While significant residual activity blunts the level of abnormal metabolites, correlation between clinical presentation and enzyme activity has been poor [Ikeda et al., 1985b; Hyman and Tanaka, 1986; Vockley et al., 1991] .
Regarding routine follow-up visits, there is no established laboratory marker for monitoring therapeutic control or disease state. Weight gain, growth and development should be age-appropriate and thus, body measurements are key parameters to follow on a routine basis. Specifically, protein malnutrition must be avoided if the patient is protein restricted. Analysis of amino acids, albumin, and prealbumin in plasma is recommended to monitor this. Plasma levels of leucine are not elevated in IVA, even if untreated, due to the irreversible oxidative decarboxylation earlier in the leucine degradation pathway [Sweetman and Williams, 2001] . Plasma free carnitine concentrations may be helpful for determining necessity and monitoring of carnitine supplementation.
MOLECULAR FINDINGS
IVD is an intramitochondrial homotetrameric flavoenzyme that catalyzes the a,b-dehydrogenation of isovalerylCoA resulting in 3-methylcrotonyl-CoA ( Fig. 1) and transfers the reducing equivalents to the ETF [Ikeda et al., 1983; Ikeda and Tanaka, 1988; Mohsen and Vockley, 1995] . It is encoded in the nuclear genome as a precursor protein, but is active in the mitochondrial matrix [Vockley et al., 1991; Ikeda et al., 1987; Parimoo and Tanaka, 1993] . Following transcription in the nucleus and translation in the cytoplasm, it is held in a partially folded state by chaperonin proteins, targeted to mitochondria by a characteristic amino terminal peptide sequence and imported into mitochondria. The target peptide is cleaved in the mitochondrial matrix, folding of the monomer is completed, and the final active tetramer is assembled. The FAD cofactor is probably added after import into the mitochondria, but the exact timing and mechanism of this reaction is poorly characterized [Nagao and Tanaka, 1992] . The reaction catalyzed by IVD is initiated upon acyl-CoA substrate binding. In the reductive halfreaction, the formation of a hydrogen bond between the acyl carbonyl oxygen and the 2 0 -hydroxyl hydrogen of the FAD ribityl moiety is crucial for activation of the acyl moiety Q1 [Ghisla et al., 1992; Nishina et al., 1995; Miura et al., 1996] . The C a and C b hydrogens of the acyl moiety are then removed in concert as a proton and a hydride, respectively, forming a stable charge-transfer complex. The ETF, considered a second substrate, extracts the reducing equivalents from the charge-transfer complex in the oxidative half-reaction during which electrons are transferred to the latter and the enoylCoA product is released [Gorelick et al., 1985; Ikeda et al., 1985a; Ghisla and Massey, 1989 ]. The molecular mechanism of the oxidative half-reaction and the order of binding of the substrates have not been elucidated.
Molecular cloning of the IVD gene showed it to be located on chromosome 15q14-15, consisting of 12 exons that span 15 kb of genomic DNA [Parimoo and Tanaka, 1993] . Molecular analysis of the IVD gene in patients with symptomatic IVA has identified numerous point mutations in the protein coding region that lead to the production of an inactive or unstable protein (Fig. 2) [Ikeda et al., 1985b; Vockley et al., 1991 Vockley et al., , 1992a Vockley et al., ,b, 2000 Mohsen et al., 1998 ]. Some of these have been shown to cause only a mild alteration in enzyme function, correlating to some extent with a mild clinical phenotype in patients [Mohsen et al., 1998; Nasser et al., 2004] . A significant proportion of the mutant alleles lead to abnormal splicing of the IVD RNA and subsequent complete lack of IVD protein [Vockley et al., 1991 . Studies of the bioprocessing of IVD protein in fibroblasts from patients with IVA have reflected the effects of these mutations but have not provided insight into the clinical variability seen in the disorder [Ikeda et al., 1985b; Vockley et al., 1991] . In general, genotype and phenotype have not been well correlated.
NEWBORN SCREENING AND ISOVALERIC ACIDEMIA
With the advent of the use of MS/MS to screen newborn blood spots for acylcarnitine concentrations, most if not all patients with IVA should be identified as newborns prior to the development of symptoms. One unexpected finding to arise from newborn screening studies is the identification of individuals with only mild elevations of isovaleryl-CoA related metabolites in plasma and urine, orders of magnitude lower than in the classic forms of IVA, and apparently only partial reduction in IVD activity (Table II) [Ensenauer et al., 2004] . Nearly half of the mutant IVD alleles sequenced from infants diagnosed by newborn screening have been found to contain a common recurring missense mutation [Ensenauer et al., 2005] (932C>T; A282V; Fig. 2 ). This specific mutation was present in approximately two thirds of newborns in this cohort, mostly in a compound heterozygous fashion. All of the affected newborns carrying the common mutation have remained asymptomatic with mild or no dietary protein restriction and carnitine supplementation if necessary over a maximum duration of follow-up of up to 5 years of age. Subsequently, asymptomatic siblings of patients identified through newborn screening (ages 3-11 years at the time of diagnosis) have been found to be homozygous or compound heterozygous for the same mutation with a similarly mild biochemical phenotype [Ensenauer et al., 2004] . They have remained without symptoms during episodes of febrile illnesses.
Prior to newborn screening, this mutation was identified only in a single patient with mild IVD deficiency originally evaluated for a tic disorder and slight developmental delay [Vockley et al., 1992b; Mohsen et al., 1998 ]. The mutant A282V protein is stable in vitro but is kinetically impaired, exhibiting an increased K m and a reduced catalytic efficiency, and has diminished thermal stability [Mohsen et al., 1998; Nasser et al., 2004] . It is clear that the newborn screening patients who carry the common mutation either in a homozygous or compound heterozygous state and their sibs skew the spectrum of IVA with more than half of individuals representing a new mild phenotype and potentially remaining asymptomatic. This is an expansion Figure 2 . Molecular defects in the IVD gene on chromosome 15q14-15 [Mohsen et al., 1998; Ensenauer et al., 2004] . The nucleotide change 932C>T (A282V) in exon 9 has been identified in a significant proportion of individuals diagnosed by newborn screening [Ensenauer et al., 2004] .
It is clear that the newborn screening patients who carry the common mutation either in a homozygous or compound heterozygous state and their sibs skew the spectrum of IVA with more than half of individuals representing a new mild phenotype and potentially remaining asymptomatic.
Author Proof
A of our view of the natural history of IVA prior to the newborn screening era and leads to significant implications for management and genetic counseling. As opposed to the classic forms of IVA, it is still uncertain whether individuals with the latter type have a disease, a risk of clinical manifestation, or simply express a clinically insignificant biochemical phenotype. While these individuals may have normal leucine homeostasis under physiological conditions, their risk of metabolic decompensation under stress conditions remains to be elucidated.
THERAPY
There are three goals for therapy of IVA (Table II) . The first is prevention of metabolic decompensation by careful clinical observation of the patient regardless of the type of IVA. During times of metabolic stress (including illness and fasting) endogenous leucine from protein catabolism adds significantly to the production of isovalerylCoA [Collins et al., 1987; Millington et al., 1987; Pollitt, 1987] . Achieving anabolism is the main therapeutic approach. Thus, sick day precautions for patients with IVA should include increased caloric intake in addition to decreased leucine intake. This is most easily accomplished with oral solutions containing simple sugars and leucine free metabolic formulae or powders. IV glucose infusions need to be added if oral intake is interrupted. Leucine intake should be decreased to approximately 50% of the patient's usual daily minimum, but returned to normal after 24 hr in order to promote protein anabolism. The second goal is long-term reduction of the production of isovaleryl-CoA from leucine catabolism through dietary manipulation [Lott et al., 1972; Levy et al., 1973; Berry et al., 1988; Sweetman and Williams, 2001] . Total protein and caloric intake must be adequate to support normal growth in children and maintain an anabolic state, and thus monitoring of weight, length, and head circumference is essential at follow-up. In many cases, it may be sufficient to moderately lower protein intake with natural foods to approximately 1.5 gm/kg per day. In patients with recurrent clinical symptoms, leucine restriction in excess of total natural protein may also be necessary [Sweetman and Williams, 2001] . Natural protein necessary to reach the recommended age-appropriate daily requirement must then be provided with leucine-free amino acids. Because of the specific role of leucine in promoting protein synthesis, however, there is a potential for adverse side effects of rigorous leucine restriction including muscle wasting [Harris et al., 2004] .
Acute episodes of metabolic decompensation can present with emesis, lethargy and signs of overwhelming acidosis. Under these circumstances, immediate hospitalization is required so that IV access can be established and glucose administered. Glucose infusion should be calculated to give at least 8 mg/kg per min with concomitant use of IV insulin if necessary to maintain euglycemia. Reintroduction of oral intake including catabolism-sparing levels of protein (0.5 gm/kg per day) with leucine should occur as soon as it can be tolerated, otherwise parenteral amino acids should be provided. If present, hyperammonemia will reverse with correction of the primary metabolic derangement; alternative ammonia conjugating agents such as sodium benzoate or phenylbutyrate are generally not indicated.
The third goal of therapy in patients with IVA is to prevent the accumulation of toxic metabolites by shunting isovaleryl-CoA towards reactions that produce metabolites presumed to be non-toxic and that can readily be excreted. Recognition of isovalerylglycine in urine in the initial patients with IVA first led to the use of glycine to achieve this end [Krieger and T anaka, 1976; Cohn et al., 1978; Yudkoff et al., 1978; Elsas and Naglak, 1988] . Isovaleryl-CoA is enzymatically conjugated to glycine, a reaction that can be augmented by supplementation with exogenous glycine to supra-physiologic levels. Such supplementation prevents or reduces the accumulation of isovaleric A acid in blood following a leucine load, and the length and severity of symptoms during intercurrent illnesses [Krieger and Tanaka, 1976; Yudkoff et al., 1978; Shigematsu et al., 1982] . Doses of 150-Isovaleryl-CoA is enzymatically conjugated to glycine, a reaction that can be augmented by supplementation with exogenous glycine to supra-physiologic levels. Such supplementation prevents or reduces the accumulation of isovaleric acid in blood following a leucine load, and the length and severity of symptoms during intercurrent illnesses. 600 mg/kg per day given orally and divided in three or four equal doses of body weight have been proposed, but the optimum dose has not been determined. Patients exhibit a dose sensitive increase in excretion of isovaleryglycine, but at least in one report an increase in the glycine dose from 300 to 600 mg/kg of body weight led to a decrease in the excretion of isovalerylglycine, presumably due to inhibition of glycine-Nacylase by glycine [Elsas and Naglak, 1988] . Thus, initial dosing in the range of 150-250 mg/kg per day is reasonable in patients with a metabolically severe type of IVA (Table II) . Concern has been raised about the potential for glycine toxicity, though no reports of such an occurrence have been published.
The identification of isovalerylcarnitine in blood and urine along with the frequent observation of a secondary deficiency of free carnitine in patients with IVA has prompted treatment with carnitine. A dose of 100 mg/kg body weight per day has generally been used (Table II) and has been shown to increase the excretion of isovalerylcarnitine in urine [Mayatepek et al., 1991; Fries et al., 1996] . Combined therapy with carnitine and glycine has been shown to maximize the total excretion of isovaleryl-CoA conjugates, but the clinical benefit of combined versus single therapy has not been established through controlled studies [Fries et al., 1996; Itoh et al., 1996] . The relative merits of the two therapies either singly or together in patients with more severe presentations including recurrent crises remains a matter of debate.
The necessity of any treatment for individuals diagnosed by newborn screening and carrying the common 932C>T (A282V) mutation is unclear. Specifically, the potential for metabolic decompensation under stress conditions remains to be elucidated. It appears reasonable to observe these individuals clinically, particularly when exposed to metabolic stressors such as febrile illnesses or fasting (e.g., when undergoing surgery). Additional recommendations include low-dose carnitine supplementation if the plasma free carnitine concentration is reduced (Table II) .
SUMMARY
IVA was originally viewed as a relatively rare, life threatening inborn error of metabolism with both acute and chronic manifestations. Recent data from newborn screening studies and additional molecular and cellular laboratory investigations have revealed a far more heterogeneous condition with a potential for normal growth and development. Prospective long-term follow-up of newborns identified with IVA and clinical trials of carnitine and glycine therapy will be critical to optimization of outcome in these patients.
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